Isolated maternal hypothyroxinemia (IMH) during pregnancy is defined as a low maternal T 4 in the absence of TSH elevation. As IMH is common, with a prevalence of 1-2% in iodine-sufficient populations, and early research has suggested adverse effects on fetal neurodevelopment, it has been the focus of many studies in the last decade. In the current review, we first discuss the significance of IMH based on data from animal models and recent discoveries regarding the role of thyroid hormone on neurodevelopment. We address issues surrounding the definition and prevalence of this entity and discuss new insights into the etiologies, clinical consequences and management of IMH. A number of large cohort studies have investigated the effects of IMH on the risk of various pregnancy complications and child neurodevelopment. We review these studies in detail and describe their limitations. We discuss the available research on management of IMH, including two recent randomized controlled trials (RCTs). Finally, we delineate the remaining uncertainties in this field and emphasize the need for a sufficiently powered, placebo-controlled RCT on the treatment of IMH early in the first trimester of pregnancy.
Introduction
Thyroid hormone (TH) is critical for normal fetal development. The importance of TH in neurodevelopment is illustrated by conditions in which there is significant deprivation of neurons from this hormone. Severe iodine deficiency or mutations of the MCT8 thyroid hormone transporter in the brain are two such conditions that cause severe mental retardation. The significance of milder decreases of TH levels, however, remains unclear. Specifically, the entity of isolated maternal hypothyroxinemia (IMH), which is the presence of low maternal T 4 in the absence of TSH elevation, has in recent years been the focus of increasing interest. Despite the fact that IMH is prevalent (1-2% of pregnant women in iodine-sufficient populations), and a number of studies in the last decade have shown associations with adverse neurodevelopmental outcomes, its causes as well as potential consequences have not yet been fully elucidated. The goal of this review is to summarize what is
Background and significance

Thyroid physiology during pregnancy
The demands on the maternal thyroid significantly increase during pregnancy, through a number of mechanisms. Human chorionic gonadotropin (HCG) secreted by the placenta directly stimulates the TSH receptor, increasing TH production (1, 2). This results in a small transient increase in FT 4 with a reciprocal drop in TSH in the first trimester (1, 2). As thyroid-binding globulin synthesis increases 2.5-fold under the influence of estrogen (2), more TH production is needed to maintain adequate FT 4 levels. Thyroxine metabolism also increases, due to placental deiodinase activity, contributing to the need for increased TH production (2). Finally, there is increased renal clearance of iodine (3) , which is a key element of TH. In order to meet the need for increased TH levels during pregnancy, the thyroid boosts its production by approximately 50%. In order for the maternal thyroid to successfully achieve this increase, it needs to have adequate iodine supply and also not suffer from significant underlying autoimmunity.
Thyroid hormone and fetal brain development
The main TH needed for fetal neurodevelopment is T 4 . T 4 enters the fetal brain, where it is converted by local deiodinases to T 3 , which then acts on local thyroid receptors to affect different aspects of neurodevelopment (4) . Fetal thyroid function in humans starts at 18-22 weeks gestation (16) (17) (18) (19) (20) weeks after conception), so before that time, the fetus is exclusively dependent on maternal T 4 . Inadequate supply of maternal T 4 to the fetus before the onset of fetal thyroidal maturation can significantly influence processes that occur during that neurodevelopmental window, such as neuronal migration and proliferation. This concept is well supported by animal studies, as described below. It has been suggested that teleologically the HCG-mediated increase in T 4 production in the first trimester is an evolution of the conceptus to ensure that it will be exposed to adequate FT 4 during its critical phase of neurogenesis (5) .
During the last three decades, a number of important observations have supported the critical role of thyroid hormone in neurodevelopment. In 1984, Bernal and Pekonen first identified high-affinity nuclear TH receptors (TRs) in the human fetal brain as early as 8 weeks gestation (6) . Subsequent studies in the next two decades identified T 4 in coelomic fluid at 6 weeks gestation (7) and further described the details of TRs and deiodinase activity in early fetal brain (8, 9, 10) . In more recent years, multiple TH responsive genes have been identified (11, 12) , including genes involved in differentiation, migration, myelination, axonal growth and synapse formation. Thyroid hormone is believed to play a key role in the processes of neuronal migration in the hippocampus and neocortex, development of cortical connections, cytoskeleton assembly, and neuronal development and maturation.
Animal models of IMH
Successful animal models of maternal hypothyroxinemia have been developed and have shown that even transient early IMH can cause structural and functional changes in developing brains, which can only be prevented with timely levothyroxine supplementation. Before discussing the relevant animal studies, it is useful to recognize some important differences between human and rat neurodevelopment. The development of the neocortex in humans occurs between the 6th and 24th week of gestation and the main waves of radial migration peak at 11 and 14 weeks gestation (reviewed in 12). In the rat, embryonic day 0 (E0) is the day of conception; birth occurs at E21-E22, while fetal thyroid is functional at E17. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . Neurogenesis and migration in the rat occur over 10 days, between E11 and E21, and therefore a period of 3 days in rat brain development corresponds roughly to 37-38 days in humans (13) .
Animal studies designed to evaluate effects of IMH in neurodevelopment have used two models of inducing IMH: feeding dams iodine-deficient diets, or exposing dams to 3 days of methimazole causing mild thyroid hormone deficiency.
Lavado-Autric et al. studied cell migration and cytoarchitecture in the somatosensory cortex and hippocampus of 40-day-old progeny of dams fed lowiodine diet. Dams had normal serum T 3 but undetectable serum T 4 levels, with normal reproductive performance. Aberrant migration of cortical neurons was observed in the 40-day-old offspring of mothers fed low-iodine diet; this was also seen in neurons that developed before the onset of fetal thyroid hormone secretion. There was also aberrant cytoarchitecture of the somatosensory cortex and hippocampus in the offspring, with blurred layering and abnormal barrel formation (14) .
Ausó et al. (13) treated dams with 3 days of lowdose MMI early in gestation (E12-E15) and compared neurodevelopment and neurologic behavior in offspring of treated animals, controls or animals whose hypothyroidism was adequately treated with LT 4 for 3 days starting either 1 day after MMI (E13) or after 3 days (E15). IMH caused abnormalities in migration and cytoarchitecture of the somatosensory cortex and hippocampus. Treatment with T 4 could rescue this phenotype if done early (starting day E13) but not late (E15) (Fig. 1) . Affected offspring showed abnormal behavior in response to acoustic stimuli with wild runs, followed in some with seizures, which could be prevented with early treatment with thyroid hormone (Fig. 1) . This paper has important repercussions for human study design and timing of intervention, as neurogenesis in humans starts at E35-42 (gestational week 7-8), while the equivalent times to the above experimental timepoints would be human gestational week 7 for rat E11, week 10.5 for E13 and week 14 for E15 respectively. One could extrapolate that an intervention aimed to rescue neurodevelopmental repercussions of IMH in humans would be successful before gestational week 10.5 but not at gestational week 14.
In addition to the aberrant cytoarchitecture seen in the above studies, maternal hypothyroxinemia in animal models has been associated with a number of other structural changes, including limited dendritic growth of cerebellar Purkinje cells (15) , delayed hippocampal axonal development (16) and alterations of glutamergic synapses (17) . Functional consequences of maternal hypothyroxinemia in the fetus have been impaired spatial learning (17) , impairment of long-term potentiation in the hippocampus (17) and increased frequency of abnormal response (wild runs or seizures) to audiogenic stimuli (13) . Taken together, the available animal models clearly show detrimental effects of IMH on various aspects of fetal neurodevelopment.
Measurement of maternal T 4
Before defining IMH, it is important to review the caveats associated with T 4 measurement in pregnancy. Measurement of maternal T 4 is complicated by a number of factors. T 4 is mostly bound (99.97%): 60-75% bound to thyroid-binding globulin (TBG), 16-30% to transthyretin and 10% to albumin (18, 19) . It is the very small free T 4 (FT 4 ) fraction (0.03%) that is responsible for T 4 actions and therefore the analyte most frequently used to assess TH levels in nonpregnant patients. In pregnancy, there are a number of changes in the thyroxine-binding proteins Effects of early maternal hypothyroxinemia on fetal neurodevelopment. Adapted with permission from Ausó et al. (13) . Pregnant rats were divided into four groups: one group of normal dams, one group that took only methimazole for 3 days (3dMMI12), one that took methimazole with the addition of T4 for 3 days, starting one day later, from E13-E16 (3dMMI12 T4 -13) and one group that took methimazole with additional T4 starting 3 days later, from E15-E18 (3dMMI12 T4 -15). The onset of the day of treatment is indicated in the subscripts. A. Histograms show quantification of proliferating cells (immunoreactive to BrdU) in different cortical layers of the primary somatosensory cortex of pups born to the above treatment groups. Asterisks indicate a statistically significant difference between pups (normal and 3dMMI12 T4 -13 versus 3dMMI12 T4 -15 and 3dMMI12). B. Responses of normal, 3dMMI12, 3dMMI12 T4-13, and 3dMMI12 T4 -15 pups to an acoustic stimulus. Bars reflect the proportion (median with 25th and 75th percentiles) of pups responding with wild runs followed by a seizure.
that affect results of FT 4 measurements. TBG levels increase 2.5-fold, albumin levels decrease and nonesterified fatty acid levels increase. These changes introduce inaccuracies in the FT 4 assessment, which can vary depending on the method.
FT 4 can be measured either through indirect methods such as immunoassays or through direct methods such as equilibrium dialysis or ultrafiltration that can be followed by liquid chromatography/tandem mass spectrometry. The FT 4 immunoassays significantly underestimate FT 4 , while results vary greatly among the different assays. Sapin et al., in a study using 9 different assays to measure FT 4 of 23 pregnant women in the 3rd trimester, showed the very poor correlation among the different assays, with the majority of the patients having low FT 4 levels when a nonpregnant reference range was used (20) . Furthermore, FT 4 measured by immunoassays has been shown to not have the expected inverse correlation with TSH in pregnancy (21) . Finally, FT 4 levels measured with immunoassays gradually fall as pregnancy progresses (21, 22) .
In contrast to FT 4 , the FT 4 index (typically calculated as total T 4 × thyroid hormone binding index) does have the expected small increase in the first trimester with subsequent decrease back to baseline and stabilization for the remainder of the pregnancy (22) . It also exhibits the expected inverse relationship with TSH (22) . However, this test is not widely available.
The direct methods of measuring FT 4 such as equilibrium dialysis (ED) and ultrafiltration followed by LC/MS/MS are designed to be free from interference from changes in binding proteins and free from crossreactivity with heterophilic antibodies. These assays have shown better correlation with TSH than traditional immunoassays in nonpregnant patients (23) , and show no correlation with albumin and TBG (24) . However, there are important limitations in these methods as well. FT 4 measured through ultrafiltration followed by tandem mass spectrometry in pregnancy does not have a good inverse correlation with TSH (21) . Ultrafiltration can result in loss of T 4 by adsorption to surfaces, while albumin separation depends on the membrane material used (25) . ED takes a long time to perform (17-24 h ) and has the disadvantages of the effects of the in vitro dilution of possible serum protein-binding inhibitors as well as interference from buffer ingredients (25) . Furthermore, both ED and ultrafiltration methods require expensive equipment, and their availability is very limited.
Total T 4 (TT 4 ) is an alternative method of assessment of thyroxine levels. As shown in multiple studies from around the world performed over the last few decades and summarized nicely by Lee et al. (22) , TT 4 levels consistently increase to 150% of the nonpregnant values. Therefore, one could use the TT 4 measurement to assess thyroxine levels in pregnancy and multiply the nonpregnant reference range by 1.5 to get a pregnancyspecific reference range.
The 2011 American Thyroid Association guidelines recommend measuring FT 4 in the dialysate or ultrafiltrate of serum samples using online extraction/liquid chromatography/tandem mass spectrometry (26) . If that is not available, they recommend using 'whichever measure or estimate of FT 4 is available', using method-specific and trimester-specific reference ranges (26) . The 2012 Endocrine Society Guidelines regarding management of thyroid disease in pregnancy recommend using a trimester-specific range if measuring FT 4 , or measuring TT 4 (with nonpregnant reference range multiplied by 1.5) or FT 4 I (27) in order to assess thyroxine levels in pregnancy. The 2014 European Thyroid Association guidelines recommend establishing trimester-specific reference ranges for T 4 (total or free) (28) . It is important for studies in this field to use one of these ways of assessing T 4 when defining IMH. Existing studies examining adverse outcomes of IMH have all used FT 4 assays to estimate thyroxine levels, as we review in a later section. One could therefore argue that the most informative assay clinically would be the FT 4 immunoassay, assuming that trimesterspecific reference ranges are available.
Definition and prevalence of IMH
Unfortunately, consensus regarding the definition of IMH is lacking. In most studies, IMH is defined as an FT 4 below the 2.5th or 10th percentile with a normal TSH. The 2011 American Thyroid Association's clinical guidelines on the management of thyroid disease in pregnancy defined IMH as a normal maternal TSH in conjunction with FT 4 in the lower 5th or 10th percentile of the reference range (26) . However, there are substantial differences in the definition of IMH between studies, which significantly affect the interpretation of prevalence data for this condition. Different studies use different FT 4 percentile cutoffs, while there is no consistency in the assays used, and given the assay limitations described above, this creates disparate results. The reference ranges for FT 4 and TSH are not defined in a uniform way, as they are not always established in an iodine-sufficient and anti-thyroid (36, 37) . In addition, the prevalence is higher in studies that do not use pregnancy-specific reference ranges, as these do not account for the observed decrease in FT 4 seen with immunoassays in the pregnant state (34, 35) .
Causes of IMH
The causes of IMH have not been completely delineated, but a number of new factors have been shown to be associated with this entity in recent years. The etiologies of IMH include iodine deficiency, environmental disruptors and novel causes such as obesity, iron deficiency and imbalance between pro-and antiangiogenic factors (Table 2 ).
The most common cause of IMH is iodine deficiency. As reviewed above, during pregnancy, thyroid hormone production needs to increase by approximately 50%, while iodine clearance increases through higher glomerular filtration rate. When iodine becomes more scarce, the thyroid shifts its production of thyroid hormones from T 4 to T 3 , to conserve iodine. Vermiglio et al. in Italy have shown that pregnant women consuming a moderately iodine-deficient diet have higher T 3 and lower T 4 levels than women with adequate iodine in their diet (38) . Consequently, the prevalence of IMH is higher in countries with iodine deficiency (Table 1) . Even though significant progress has been made in efforts to eradicate iodine deficiency worldwide, this is still an important issue, as 2014 data show that greater than 50% of European countries have mild iodine deficiency (39) , while in the most recent NHANES data (2007-2010), 26% of pregnant women in the US were found to have suboptimal iodine levels, with urinary iodine <100 μg/L (40). The implications of these findings are important, as iodine deficiency affects not only maternal but also fetal thyroid hormone production. Iodine deficiency during gestation has been linked to lower IQ in the offspring (41, 42) , with prompt iodine supplementation resulting in improvement in IQ (37, 43) . It is critical to educate women seeking pregnancy to take a prenatal multivitamin with 150 μg iodine, to meet the goal of 250 μg daily intake (26, 27) . Thyroid autoimmunity, well recognized as a risk factor for the development of thyroid dysfunction during pregnancy due to failure of the autoimmune thyroid to meet the increased thyroxine demands, does not seem to be an important etiologic factor with respect to IMH. In a longitudinal study of 220 pregnant women in Italy, only 7% of women with IMH were found to have thyroid autoimmunity (anti-TPO Abs), similar to the rate in the general pregnant population (8%) (36) . In a larger study by Shan et al. of 4800 pregnant women in China, including 103 women with IMH, similar results were obtained, with 7-8% prevalence of thyroid autoimmunity in women with IMH, similar to nonpregnant controls (32) .
Environmental contaminants are another factor that can cause selective T 4 decrease in pregnancy. There are many pathways of TH metabolism and action that are influenced by environmental pollutants; these are summarized in a comprehensive review by Pearce and Braverman (44) . A number of studies have specifically investigated these relationships in pregnant women. Organochlorine pesticides activate hepatic uridine diphosphate glucuronyl transferase, causing increased glucuronidation of T 4 and subsequent drop in T 4 levels. Their levels have been associated with low serum T 4 in pregnancy (45, 46) . Thiocyanate, a compound found in cigarette smoke, is a competitive sodium iodine symporter inhibitor, and FT 4 index levels have been shown to be lower in smokers than nonsmokers (47) . Finally, polychlorinated biphenyls antagonize TH binding at the level of the thyroid receptor. Exposure to these agents is inversely associated with low T 4 levels in pregnancy (45) .
Obesity has also been recently associated with low FT 4 levels, through mechanisms that are incompletely understood (33, 35, 48, 49, 50 (33) . One hypothesis regarding these findings, based on the increase in T 3 seen in association with the low T 4 , is that in obesity, there is increased peripheral deiodination (52), as leptin, produced by adipose tissue, is known to stimulate T 4 to T 3 conversion (53, 54) . The effect of obesity on maternal T 4 levels is even more pronounced in iodine-deficient women, as shown in a recent study in Thailand, where mildly iodine-deficient overweight pregnant women had a 3.6-fold higher risk of developing low FT 4 than women of normal weight (35) .
Finally, recent studies have suggested that iron deficiency and fetal angiogenic factors may play a role in the regulation of FT 4 levels. Iron deficiency is known to have multiple effects on the thyroid axis, and importantly affects TH synthesis by reducing the activity of the heme-dependent thyroid peroxidase (55) . In the past, iron deficiency has been showed to be associated both with elevated TSH and with low FT 4 levels in pregnancy (56). Hu et al. have shown that iron deficiency without anemia in pregnant rats can also cause inhibition of thyroid peroxidase and decrease in TH levels, with the effect being more pronounced for T 4 than T 3 (57) . A recent cross-sectional study of 3340 pregnant women in China, with sufficient iodine intake and no evidence of thyroid autoimmunity, showed that iron deficiency in the first trimester was associated with IMH (OR of 2.440 for mild IMH, defined as FT 4 < 10%, and OR 3.278 for severe IMH, defined as FT 4 < 5%) (58) . These risks were similar to those conferred by increased BMI. Finally, a recent study from the Netherlands showed that increasing levels of either proangiogenic placental growth factor (PlGF) or antiangiogenic soluble FMS-like tyrosine kinase-1 (sFlt1; a vascular endothelial growth factor (VEGF) and PlGF antagonist), both important pregnancy-specific (30) . While first-trimester IMH was associated with an increased risk of preterm labor and macrosomia, second-trimester IMH increased the risk of gestational diabetes, suggesting that the effects of IMH might be trimester-dependent. Although these endpoints are related and could therefore very well be the result of each other, the authors unfortunately did not perform conditional analyses. However, the results of this study need to be interpreted with caution, as a large number of tests were performed, which were not corrected for multiple testing. This is especially important, as for most of the tested associations, a clear a priori hypothesis based on pathophysiological mechanisms was lacking.
In addition, many of the study endpoints were also rare, possibly leading to underpowered analyses. Interestingly, in a recent meta-analysis of Chan et al. including these and other smaller studies, the effects of IMH on the above-mentioned complications disappeared (68) . Among the many endpoints studied, only the risk of placental abruption was found to be 2.3 times increased in mothers with IMH (P = 0.026). The conflicting results of these studies on the effects of IMH can be partly explained by various sources of heterogeneity between the individual studies. First of all, the definition of IMH was not consistent among studies, with FT 4 lower-range cutoffs ranging from the 2nd to a liberal 10th percentile (e.g., (2, 3, 4, 6)), while there were also differences in the definitions of the normal ranges for TSH and FT 4 levels (e.g., (60, 61, 62) ). Furthermore, the timing of the diagnosis of IMH differed considerably, ranging from 10 to 13 weeks up until 20 weeks of pregnancy (30, 60, 62) . As discussed above, this might be important, as the study by Cleary-Goldman et al. suggested trimester-specific effects of IMH (30) . In addition, there are large differences between studies with respect to the level of detail in which endpoints have been investigated. This is exemplified by a study in a large Dutch pregnancy cohort, in which the effects of thyroid dysfunction during early pregnancy on the risk of premature delivery were investigated, showing that IMH was associated with an increased risk of premature delivery (64) . While most studies are not able to differentiate between spontaneous and iatrogenic deliveries, a subanalysis was performed on spontaneous premature deliveries only, showing that the association between IMH and prematurity was driven by spontaneous and not iatrogenic deliveries. This might partly explain why smaller studies without detailed information on spontaneous or iatrogenic deliveries have not been able to show any effects of IMH on the risk of prematurity. Lastly, as mentioned, there are substantial differences in sample sizes between studies, with many studies working with only a limited number of cases leading to underpowered analyses, while not applying multiple-testing correction for the many tests performed (61, 62, 63, 69) . Taken together, while some of the currently available studies suggest significant, albeit small, effects of IMH on the risk of pregnancy complications, large detailed and sufficiently powered studies using consistent definitions for IMH and adverse pregnancy outcomes are needed to clarify the exact effects of IMH on pregnancy complications.
Effects on child neurodevelopment
While there are only a limited number of large wellconducted studies on the effects of IMH on pregnancy complications, far more studies have been performed on the effects on child neurodevelopment. This is driven by the many studies showing that overt hypothyroidism during pregnancy negatively affects child neurodevelopment (34, 71, 72, 73, 74, 75, 76, 77, 78, 79, 80, 81, 82, 83, 84, 85, 86) . Table 3 provides an overview of the studies on IMH
www.eje-online.org Table 3 Overview of studies on the effects of maternal hypothyroxinemia on offspring mental/motor development, and neuropsychiatric diseases. (80) . Their development at both 1 and 2 years of age was compared with 58 children born from mothers with normal-range TSH and high-normal FT 4 levels (P50-90). Children of mothers with IMH had worse mental and motor scores, with an average 8 and 10 points lower score on the Bayley mental and motor subscales. In an extension study of this cohort, including more cases and controls (Table 3) , it was shown that in the children born from mothers with IMH, worse orientation scores could already be detected at 3 weeks of age (77) . While very early neonatal behavior is rapidly evolving and difficult to assess, and the long-term predictive power of the used Neonatal Behavioral Assessment Scale remains questionable (78, 87) (75) . These results point to a slower information processing speed. The majority of the previously reviewed studies focused on the effects of IMH on mental development in early life. As some of these cohorts have continued follow-up of their participants over the years, they have also been able to study cognitive performance in later life. Ghassabian et al. investigated the effects of early pregnancy IMH (n = 129), defined as a pregnancyspecific FT 4 < P5 with a normal-range TSH, on child IQ levels at 6 years of age (76) . These children's IQ was on average 4.3 points lower than the IQ of children born from euthyroid mothers. This was also the first study to investigate the associations between IMH and magnetic resonance imaging (MRI)-derived brain morphological data at 8 years of age, which was performed in a subset of 27 cases and 625 controls. Despite the effects on IQ levels, no differences in brain morphology were detected. This can be either due to the small sample size or because of the structural alterations resulting from IMH, which may not be global but rather involve specific brain subregions. However, the absence of effects is most likely explained by the fact that nonlinear associations were not investigated, it has been shown that there is an inverted U-shaped relation between maternal FT 4 and child IQ levels (84) . This is supported by the fact that when data were reanalyzed using nonlinear models, associations of low FT 4 with lower gray matter and cortex volumes were found (84) . Finally, the effects of early pregnancy IMH on school performance of 8-and 16-year-old offspring have recently been investigated in the Northern Finland Birth Cohort 1986 (79) . This study showed that boys, but not girls, from mothers with IMH during pregnancy had a 5.5 times increased risk of repeating a school class. Such an effect has not been examined in any of the previous studies on IMH. As these gender-specific effects could still be a chance finding, these results first need replication in an independent cohort. If the findings are replicated, the reasons behind the greater vulnerability of the male brains to IMH will need further investigation.
While the above studies clearly show that IMH is associated with worse cognitive performance, the study by Craig et al. did not find any effects of IMH on mental and motor scales at 2 years of age (Table 3 ) (82) . This can be explained by the fact that this study investigated the effects of IMH diagnosed in gestational week 15-20, whereas the essential role of TH in brain development is predominantly restricted to the first trimester of pregnancy (4).
Motor development
Since overt maternal hypothyroidism increases the risk of not only mental but also motor neurodevelopmental delay (32) , studies have also investigated whether IMH affects the motor development of the child (Table 3 ) (75, 77, 80, 82, 83) . Indeed, most of these studies showed that IMH during early pregnancy is associated with an increased risk of a delay in motor development. The largest study was performed by Costeira et al. in a moderately iodine-deficient area in Portugal (81) . Children born from mothers with an FT 4 below P25 had a 2.1-fold increased risk of mild-to-severe delay in psychomotor development. While these results are obviously not generalizable to iodine-sufficient areas, it is important to note that other studies from iodine-sufficient regions have also shown an increased risk of a delay in motor development in children born from mothers with IMH (80, 85, 86) . As shown in Table 3 , two studies did not find an effect of IMH on motor development of the child (82, 83) . This can be partly explained by the fact that, in the study by Julvez et al., the control group included all mothers with an FT 4 above the hypothyroxinemia FT 4 cutoff (83). This group therefore also included mothers with high FT 4 levels, and it has been shown that not only low but also high and even high-normal FT 4 levels can negatively affect child neurodevelopment (84) . Furthermore, the authors tested the effects of low FT 4 levels, irrespective of the TSH status, and therefore tested a heterogeneous group that contained both purely hypothyroxinemic and overtly hypothyroid subjects. The negative findings in the study by Craig et al. (82) could be due to the fact that the effects of only second-trimester IMH were tested, beyond the timeframe when TH plays a crucial role in neurodevelopment (4). Taken together, these studies strongly suggest that IMH is associated with a delay not only in mental development but also in motor development, while more work is needed to clarify the exact effects on the various subdomains of motor development, such as gross and fine motor skills, muscle control, body coordination and locomotion.
Neuropsychiatric diseases
In recent years, interest has shifted toward studying the effects of IMH on neuropsychiatric diseases. In 1993, Hauser et al. had already shown that individuals with a mutation in the TH receptor beta gene have an increased risk of attention-deficit hyperactivity disorder (ADHD) (89) . A few years later, it was also shown that transgenic mice harboring a mutation in this receptor display ADHD-like symptoms, including hyperactivity and learning deficits (90) . Recently, Modesto et al. studied the association between IMH and ADHD symptoms at age 8 years in 3873 mother-child pairs from the Generation R Study (91) . Children born from mothers with IMH, defined as an FT 4 below the pregnancy-specific P5 with a normal-range TSH, had more ADHD symptoms, compared with children born from euthyroid mothers. These effects persisted after controlling for multiple confounders, including children's IQ. These motherchild pairs were also the subject of another study on autism (92) , as transient gestational hypothyroxinemia in rodents has been shown to induce cortical neuronal migration brain lesions resembling those of autism (13, 14, 93, 94) . When the children were 6 years of age, their parents completed questionnaires on behavioral and emotional symptoms. Children born from mothers with IMH showed more autistic symptoms compared with children from euthyroid mothers. Importantly, these effects were independent from the effects on ADHD symptoms. Besides, in these mother-child pairs, it has also been shown that IMH is associated with a larger fetal and infant head size (95), while it is known that children with autism spectrum disorders show increased head growth (96) . Unfortunately, the authors did not correct the analyses on autism for head size, which could provide more insight into how these endpoints are related to one another.
Finally, schizophrenia is associated with disrupted prenatal neurodevelopment and impaired cognitive function (97) , which is similar to the consequences of IMH. Gyllenberg et al. has studied the prevalence of IMH, defined as a pregnancy-specific FT 4 below P10 with a normal-range TSH, in 1010 case-control pairs from the Finnish Prenatal Study of Schizophrenia (98) . IMH was associated with 1.8 times increased risk of schizophrenia, even after adjusting for confounders including maternal psychiatric history. Taken together, while the number of studies on the effects of IMH on neuropsychiatric endpoints are still limited and therefore need replication in independent cohorts, the currently available data strongly suggest that IMH should be seen as a risk factor not only for impaired mental and motor neurodevelopment but also for neuropsychiatric diseases of the offspring.
Prevention and treatment of maternal hypothyroxinemia
As the above studies have clearly shown an association between IMH in early pregnancy and child neurodevelopment, the key clinical question remaining is whether these complications can be prevented by timely correction of IMH. In the previously discussed studies by Man et al., it was shown that the 15 children born to mothers with adequately treated IMH had a normal development, while the 21 children born to mothers with inadequately treated IMH had a worse mental and motor development (71, 72, 73, 74) . However, this study is obviously limited by its small sample size, while the hypothyroxinemic group included mothers with not only IMH but also overt hypothyroidism. In the previously discussed Pop et al. study, a subgroup of 15 children, born from mothers with IMH at 12 weeks gestation but in whom FT 4 had increased at 24 and 32 weeks' gestation, had a similar development as the controls. While this observation is also based on only a limited number of subjects, and it is unclear when FT 4 started to normalize between 12 and 24 weeks gestation, these findings raise the question of whether, similar to the animal data described previously, correction of IMH in early pregnancy could potentially reverse the detrimental neurodevelopmental effects on the offspring. Two randomized controlled trials (RCTs) have studied the effects of levothyroxine treatment of women with IMH and (subclinical) hypothyroidism on child IQ. The Controlled Antenatal Thyroid Screening (CATS) study (99) randomized 21 846 women recruited in early pregnancy to testing of TSH and FT 4 levels during pregnancy versus serum sample storage and measurement after pregnancy. Women in the screening group with a TSH > P97.5, an FT 4 < P2.5, or both, were treated with a starting dose of 150 µg levothyroxine, with dose adjustments on subsequent thyroid function testing. An intention-to-treat analysis showed no difference in the children's IQ at 3 years, including mean IQ levels and percentage of children with IQ < 85 points, between the treated and nontreated group. A subanalysis restricted to the mothers with IMH (FT 4 levels <P2.5 (N = 411)) also did not show any significant differences. However, this study has a number of potential limitations. First, the study was not powered for the subgroup of mothers with IMH only. Second, one can question if an IQ test at 3 years is a reliable test for the detrimental effects of a shortage of TH on the fetal brain. For example, children born with congenital hypothyroidism who are treated promptly do not have a lower IQ, while they may have more subtle deficiencies in integrative and sensory functions (100) . Third, the CATS study did not compare the IQ levels of the children born from mothers with thyroid dysfunction to children born from euthyroid mothers, and it therefore remains unclear if their screening strategy was effective at all in identifying a high-risk group. Finally, while brain development mainly takes place in the first trimester, treatment was started at a median gestational age of 13 weeks and 3 days. This may have been too late to restore any detrimental effects of TH shortage. The timing of levothyroxine intervention is a critical point, as animal models of IMH reviewed earlier, such as by Auso et al., have shown that the neurodevelopmental effects on offspring born to hypothyroxinemic dams could only be rescued by TH replacement therapy in early pregnancy, but not with later intervention (13) . Recently, also the first results of the Thyroid Therapy for Mild Thyroid Deficiency in Pregnancy study ('TSH study') were presented at the Society for Maternal-Fetal Medicine's Annual Meeting (101) . For this RCT on the treatment of subclinical hypothyroidism and IMH, 97 226 pregnant women underwent TSH and FT 4 testing. Women with IMH (n = 526), defined as an FT 4 < 0.86 ng/dL (11.1 pmol/L) with a normal-range TSH (0.08-3.99 U/L), were randomized to either levothyroxine or placebo at a mean gestational age of 17 weeks. Preliminary results showed no significant difference in offspring IQ at 5 years of age between the treated and untreated groups. Unfortunately, this study also has various limitations in common with the CATS study, including the fact that treatment was started at an even later timepoint in gestation. Furthermore, this study was designed to be powered to detect a 5-point difference in IQ at 5 years of age, while the study by Ghassabian et al. showed that IMH only leads to a 4.3 points lower IQ at 6 years of age (76) . This suggests that this study would be underpowered to detect an effect of treatment of IMH with levothyroxine, even if this treatment would lead to a full restoration of a 4.3 point IQ loss. Over the years, various international guidelines on the treatment of thyroid dysfunction during pregnancy have provided recommendations on the treatment of IMH (26, 27, 28) .
While the ATA guidelines published in 2011 recommended to not treat IMH, as solid evidence for a treatment benefit of IMH was still lacking (26) , the 2011 Endocrine Society guidelines already left the choice of treatment to the discretion of the caregiver (27) . The 2014 ETA guidelines also recommended to consider treatment of IMH, but importantly note that this should only be considered in the first trimester of pregnancy, when most harms of IMH on brain development are expected to take place (28) . When considering treatment of IMH, one should also take the potential consequences of overtreatment into account, which inevitably takes place in a subset of treated patients. In this context, it is interesting to note that Korevaar et al. recently investigated the associations between early pregnancy thyroid function, child IQ at 6 years and brain MRI scans at 8 years of age (84) . This study showed that not only low-normal early pregnancy FT 4 levels but also high-normal FT 4 levels are associated with decreased IQ levels of the offspring, as well as with smaller gray matter and cortex volumes. Although this study did not include mothers on TH replacement therapy, this study does suggest that treatment of IMH might carry the risk of adverse child neurodevelopment when the goal of treatment is to achieve high-normal FT 4 results. Given the above considerations, it is clear that a sufficiently powered RCT on the treatment of IMH early in the first trimester of pregnancy is still needed in order to answer the question of whether IMH should be treated or not.
A role for iodine supplementation
As discussed previously, iodine deficiency is still a global problem, affecting a subset of many European and United States' population. Restoring iodine status would be a relatively easy way to treat IMH in iodine-deficient women. In 2009, Berbel et al. studied the effects of iodine supplementation in early pregnancy in women with IMH from an iodine-deficient area in Spain (37) . This study consisted of three groups: Group 1, children born from euthyroid mothers that started iodine supplementation at 4-6 weeks of gestation; Group 2, children born from mothers with early pregnancy IMH who started iodine supplementation at gestational weeks 10-12; and Group 3, children born from mothers with IMH at gestational weeks 37-40 who were treated with iodine supplementation after delivery and during lactation. Of the children born from mothers in group 2 and 3, 25.0 and 36.8% had neurodevelopmental delay at 18 months, while none of the children born from mothers in group 1 had neurodevelopmental delay. These results highlight the importance of optimizing iodine status in pregnant women as early in pregnancy as possible, preferably before conception, as has also been shown by others (37, 43) . Optimizing iodine status of pregnant women asks for concerted actions by national authorities (102) . On the individual level, the treating physician should, especially when dealing with pregnant women with IMH, get a sense of the iodine status of the patient by asking her dietary habits and intake of iodine-containing multivitamins. If needed, iodine supplementation should be started early, ideally a few months before conception, ensuring a daily intake of 250 µg/day (26, 27, 28, 102) . Recently, Moleti et al. investigated the effects of iodine supplementation on child IQ in a prospective observational study in 60 mother-child pairs from an iodine-deficient region in Italy (103) . Stratified for maternal histories of iodized salt consumption and levothyroxine treatment before and during pregnancy, the IQ test scores of the children at 6-12 years of age were compared. Irrespective of levothyroxine treatment, women consuming iodized salt for at least 2 years before pregnancy had children with better IQ scores compared with women not using iodine supplementation. Based on this, the authors suggested that neurodevelopmental outcome of children might be more dependent on maternal iodine status than on maternal thyroid function. Of note, this study was based on a limited sample size, with only 15 pairs per group, while many statistical tests were performed, resulting in a high risk of false-positive findings. Therefore, these results need to be interpreted with caution and first need replication in an independent, sufficiently powered study, ideally in a randomized controlled trial.
Finally, future studies should clarify whether also the iron status of these women should be determined, as one Chinese study showed that iron deficiency is associated with 2.4 times increased risk of IMH (58) . Importantly, these effects were independent of iodine deficiency, and are supported by various studies showing that iron deficiency impairs TH synthesis and metabolism (55, 104, 105) . However, as no other studies have investigated this association in pregnant women, replication in an independent study is warranted.
Remaining uncertainties
Although significant progress has been made in the last decade in the understanding of the detrimental effects of IMH during pregnancy, many uncertainties still surround this common disease, including its causes, (Table 4) . Currently, only iodine deficiency and several environmental pollutants are well-established causes of IMH. While obesity, abnormal levels of angiogenic factors and iron deficiency have all been associated with IMH, insight into the underlying pathogenetic mechanisms is still lacking. The fact that IMH is not associated with one but various risk factors could suggest that IMH is a heterogeneous group of diseases. A better understanding of its risk factors and underlying mechanisms is therefore not merely of academic interest; it is also essential to provide a basis for tailored management of IMH. Furthermore, the long-term effects of IMH have not been investigated, with existing studies focusing on the development of children in their first few years of life (Table 3 ). It is known that TH deficiency during critical early stages of neurodevelopment results in structural and functional changes in the brain (4, 13, 17) , which are expected to cause irreversible neurological outcomes, with their severity depending on the degree of TH deficiency. IMH is therefore expected to have some impact on 'hard endpoints' later in life, such as academic achievement, socioeconomic status, quality of life and mortality. However, these effects still need to be characterized. Future studies on these endpoints should apply a consistent definition of IMH, using pregnancy-and population-specific reference ranges, while the exact FT 4 cutoff percentile for IMH still remains debatable, as studies have used a wide range of cutoff levels, with varying results (Table 3) . Sensitivity analyses to pinpoint at what exact FT 4 level the detrimental effects start to occur will be informative. These studies should focus not only on child developmental outcomes, but also on the risk of pregnancy complications, as the currently available data on the latter risks remain inconclusive. Importantly, these studies should be carried out in well-documented cohorts with available information on important potential confounders, such as socioeconomic status and parental educational levels. While these studies will be important for developing a more precise definition of IMH and understanding of its clinical complications, the key clinical question, which still needs to be answered, is whether these complications can be prevented by timely correction of IMH. Ensuring a sufficient iodine status is essential, but it remains unclear if correction of IMH with TH replacement therapy is beneficial. As discussed, the two RCTs on treatment of maternal thyroid hypofunction in pregnancy were underpowered for IMH, while treatment started in the late first or early second trimester, when an important part of brain development has already taken place. It could therefore very well be that these studies missed the 'window of opportunity' of a successful intervention in the early first trimester, leading to negative results. We therefore call for a sufficiently powered, placebocontrolled RCT on the treatment of IMH with TH in the early first trimester. While there are insufficient data to recommend a specific gestational week when treatment should be started, it seems reasonable to aim for a treatment as early in the first trimester as possible, preferably before the sixth week of pregnancy (6, 7) . If proven successful, treating pregnant women with IMH in early first trimester will be challenging, as most women do not present to antenatal care facilities before the second half of the first trimester. This will require concerted actions by national health authorities to increase public awareness of this condition and the need to present to antenatal care facilities as soon as pregnancy is confirmed. The road toward developing the optimal management of IMH is still challenging, but important to pursue given the condition's prevalence and potential complications. 
